ABSTRACT This paper proposes an index modulation-based transceiver design termed transmit antenna selected space-time block coded enhanced spatial modulation with flexible coefficients (TAS-STBC-ESM(F)). A new 1024-QAM signal design based on multiple constellations and a codebook design that uses flexible coefficients and rotation angles are proposed. A new detection scheme, namely, Iter-BLAST, for generalized detection is introduced, and its complexity is analyzed. For 20 bpcu, the TAS-STBC-ESM(F) transmitter with Iter-BLAST, ML, Iter-LC-LORD, and compressed sensing-based detection schemes is studied over the α − µ fading channel. Closed-form expressions for the ABEP, outage probability, and capacity of the proposed system are derived. The introduction of flexible coefficients, antenna selection methods, and multiple constellations in the transmitter design shows a 5.5-dB improvement over an enhanced spatial modulation (ESM) system and a 3-dB improvement over the STBC-ESM system. For a 20 bpcu, 64×64 MIMO system, the floating point operations of the CS-based ESM detection algorithm are 13.9 times those of Iter-BLAST, and the error performance improvement is 10.8%. The proposed transceiver design will be a promising solution for 5G and massive MIMO that addresses the tradeoff between spectral and energy efficiencies.
I. INTRODUCTION
Mobile wireless communication has evolved from first generation voice systems and undergone considerable development toward 2 nd , 3 rd and 4 th generations involving many research challenges. MIMO increases the data rate and performance and is a significant part of these wireless communication systems. However, its limitation is that the complexity of the receiver increases as the number of transmit antennas increases. The increase in data usage with larger numbers of users has resulted in an exponential rise in data traffic that is addressed in 4G LTE cellular systems. This exponential growth in data traffic has induced active research to develop new transmission protocols and technologies that can achieve the data rate as well as spectral efficiency. However, these technologies must consider energy efficiency, which plays a significant role in green communication. Index modulation schemes have been introduced to address the spectral and energy efficiencies tradeoff.
Spatial modulation, SM-MIMO, is a promising technique that addresses the spectral and energy efficiencies, achieving high data rates as well as green communication [1] . The SM scheme maps the information bits onto a constellation point in the signal domain and the antenna index in the spatial domain. To further improve the spectral efficiency, instead of the single active transmit antenna used in SM, multiple active transmit antennas are introduced. This is known as multistream modulation (MSM). The average energy per symbol of MSM is higher than that of SM-MIMO.
High data rate energy-efficient systems are achieved with the concept of multiple constellations, which increases the data rate and reduces the energy per symbol. The index modulation and multiple constellation concepts are combined in enhanced spatial modulation (ESM) [2] . The reduced size of multiple constellations is chosen, and the possible combinations of transmission through active transmit antennas are indexed. The spectral efficiency of 14 bpcu reported in [2] used a 64-QAM primary constellation and secondary constellations of size 32, and the ESM scheme was studied over the Rayleigh fading channel.
Space time block coded spatial modulation (STBC-SM) schemes make use of the space, time and signal domains. The information bits are encoded as antenna pair indexes in the spatial domain and STBC symbols in the time and signal domains [3] . The active antenna pair index and the STBC symbols form a codeword. The overlapping of codewords may reduce coding and diversity gain for the STBC-SM scheme. The concepts of codebooks, rotation angles and flexible coefficients are introduced in [4] , which maximize the minimum coding gain distance and reduce the overlapping of codewords. The rotation angle θ and flexible coefficients f make each codebook distinct from other codebooks. Index modulation for ESM schemes with STBC are not addressed in the literature. This paper proposes a new codebook design for an ESM scheme, applying flexible coefficients and rotation angles as in the STBC-ESM(F) system.
The link performance of a chosen antenna pair index is expected to be beneficial for error-free decoding. Capacity optimized antenna selection (COAS) and Euclidean distancebased antenna selection (EDAS) for MIMO systems are studied in [5] , and COAS outperforms EDAS by 1.5 dB. A capacity optimized antenna selection scheme is chosen for the TAS-STBC-ESM(F) system. Channel norm statistics over every STBC symbol period are considered for N s transmit antenna selection (TAS). The received channel norm statistics are ordered, and the best N s antennas out of N t transmit antennas are considered for STBC-ESM(F). This system is TAS-STBC-ESM(F).
The majority of the reported works in the literature considered various detection schemes, such as maximum likelihood detection (ML) [6] , sphere decoding for SM [7] , compressed sensing for SSK [8] , SM [9] , and Iter-LC-LORD [10] . We introduce a new detection scheme for the transmitter proposal TAS-STBC-ESM(F) named Iter-BLAST. The performance of the above-mentioned schemes, ESM [2] , STBC-SM [3] , and STBC-SM(F) [4] employing ML-based detection and the performance over the Rayleigh fading channel is studied. The generalized α − µ fading channel, which includes Rayleigh, Nakagami, Weibull, one sided Gaussian, and negative exponential cases, is introduced in [11] . The moment generating function (MGF) of the α − µ fading channel for MIMO systems in terms of the Meijer G function is reported in [12] . Spatial modulation and space shift keying schemes are studied over the α − µ fading channel in [13] and [14] .
The TAS-STBC-ESM(F) MIMO system over the α − µ fading channel with Iter-BLAST, ML, compressed sensing, and Iter-LC-LORD is studied in this paper. The study of index modulation and multiple constellations over nonhomogeneous fading channels can be a part of 5G massive MIMO systems.
A. CONTRIBUTION
• Design of secondary constellation for 1024-QAM and codewords for 20 bpcu.
• The secondary constellation points for transmission are designed based on linear and cubic spline interpolation techniques, which conserve the minimum Euclidean distance criterion.
• The transmitter and detector design for TAS-STBC-ESM(F) is proposed, which comprises capacity optimized antenna selection, space time coding, and multiple constellations, and the system is studied over the nonlinear α − µ fading channel.
• The detection algorithms named Iter-BLAST and CS-based detector are proposed. The performance and complexity are analyzed and compared with those of ML detection and Iter-LC-LORD.
• The MGF of the proposed TAS-STBC-ESM(F) transceiver system over a generalized α − µ fading channel is obtained.
• The closed-form expressions for the ABEP, outage probability and capacity of the proposed TAS-STBC-ESM(F) transceiver system are derived.
The rest of the paper is organized as follows. The TAS-STBC-ESM(F) transmitter model is described in the next section, including new constellation designs, followed by receiver design in section III. The performance analysis, including closed form expressions, is detailed in section IV. Finally, section V presents the numerical and simulation results, and the conclusions are given in section VI.
II. TAS-STBC-ESM(F) TRANSMITTER
The TAS-STBC-ESM(F) transmitter system consists of N t transmit and N r receive antennas as shown in Figure 1 where the rotation angle 'θ ' and flexible coefficients f = {a, b} are used in the composition of codebooks to ensure a minimum coding gain distance δ min . Information bits u 1 to u log 2 n index the codebooks, the u log 2 n+1 bit indexes the subspace L 1 or L 2 of the codebook, and the bits u log 2 n+2 to u log 2 c each index a codeword in the selected subspace. Information bits u log 2 c+1 to u log 2 c+log 2 are the secondary constellations. 14) δ 0 is the Euclidean distance between signal constellation points. 15) E denotes the energy per symbol. 16) α is the power parameter, denoting the non-linearity of the environment. 17) µ is the inverse of the normalized variance, denoting the number of multipath clusters. 18) ρ is the average signal to noise ratio. 19 ) f ρ (ρ) represents the probability density function (pdf) of the α − µ fading channel. 24) Y denotes the received signal matrix. 25) H is the channel matrix, which follows an α − µ distribution. 26) N is the noise matrix. 27) y is a specific received signal. 28) K denotes the number of layers in the iter-BLAST detection. 29) κ is a layer label in the iter-BLAST detection. 30) κ is a set of constellation points in layer k. 31) c κ is the center of layer k in the iter-BLAST detection. 32) d κ is the distance between the received signal and center of layer κ in the iter-BLAST detection. 33)x denotes the symbol estimate. 34) φ is the sensing matrix in compressed sensing-based detection. 35) δ s is the restricted isometric constant subject to constraints. 36) P b represents the average bit error probability. 37) P out represents the outage probability. 38) < C > represents the ergodic capacity. 39) n i,j is the number of errors between χ i and χ j .
40) Q(x)
is the Meijer G function [15] . 42) λ i,j,1 and λ i,j,2 are the eigenvalues of the distance matrix 
is the pdf of the norm square of the envelope of the channel coefficients. 47) F ||h i,j || 2 (x) is the cdf of the norm square of the envelope of the channel coefficients. 48) ρ denotes the end-to-end SNR, and ρ th is the threshold SNR. New constellation designs for 1024-QAM using the concept of secondary constellations are proposed in designs I and II.
B. TAS-STBC-ESM(F) CONSTELLATION DESIGN I
The 1024-QAM signal space is organized into 4 sections, each with 256 points, and each section's points are organized into 4 subsections with 64 QAM points. Figure 2 represents a section of the 256 QAM points. The design constellation of 64 point QAM, reported as ESM-type 3 [2] , is considered. The same structure is repeated to construct 1024 points for design I. The 64 primary constellation points are represented as the union of secondary constellation points, which are derived through geometric interpolation. The secondary constellation points are T 32 = {T 16 ∪ T 8 ∪ T R } and and F R are formed by the remaining points in T 32 and F 32 , respectively [2] .
Secondary constellation points in subsection 1 can be mathematically represented by The F 32 signal constellation points can be acquired by a π 2 degree rotation of the T 32 signal constellation, i.e., The last 10 bits of the example cited in section II '0000011010' index the STBC symbol of the 1024 QAM design. The 2 bits '00' index the first section, the next 2 bits '00' index subsection one, and the next bit indexes the secondary constellation. If the bit is '0', then the x 1 symbol from T 32 and the x 2 symbol from F 32 will be chosen, and vice versa if the bit is '1'. The last 5 bits '11010' index the symbol x 1 = −24+21i from T 32 (black dot) and x 2 = −21+24i from F 32 (red dot) and are transmitted through active antennas 4 and 9 during the first time slot, as indicated in Figure 2 by dark circles, and their respective signal conjugates −x * 2 = −24 + 21i and x * 1 = 21 − 24i, are transmitted in time slot II. The average energy per symbol of design I is given by E (TAS−STBC−ESM (F)designI ) = (((10+6+6)×16)×2) = 704, which is a 48.3% reduction compared with MSM. The energy per symbol,E s−16 of the secondary constellation T 16 is 10. Similarly, the energy per symbol for the other secondary constellations T 8 and T R are E s−8 = 6 and E s−R = 6, respectively.
C. TAS-STBC-ESM(F) CONSTELLATION DESIGN II
For M-QAM, the primary constellation signal space can be represented as the union of the secondary constellations T M 2 and F M 2 . These points are represented by 4 sections such that
The primary constellation points undergo linear or cubic spline interpolation. At every interpolation step, the minimum Euclidean distance criteria is checked, and whichever interpolation method satisfies the criteria, these are chosen as the secondary constellation points. T O are formed into T OR (j) and F OR (j) , respectively. For 20 bpcu, the codeword indexing is the same as in design I. However, a new signal design for M=1024 QAM is considered. The constellation design II for M = 1024 is shown in Figure 3 . Each quadrant has 256 signal constellation points, and they are the union of the secondary constellation points T 128 and F 128 . A section of the constellation design II is shown in Figure 4 .
The mathematical representation of the constellation points shown in Figure 4 is For constellation design II, the indexing bits of the STBC symbol '0000011010' that was considered in design I is adopted. The 2 bits '00' index section(1), and the next bit indexes the secondary constellation, '0' for selecting x 1 from T (1) 128 and '1' for selecting x 1 from F (1) 128 . The last 7 bits '0011010' index the symbol x 1 = −5 + 14i from T (1) 128 (black dot) and x 2 = −14 + 5i from F The α − µ fading channel is proposed to address the nonlinearity and clustering in mobile radio communications. α denotes the non-linearity of the environment, termed a power parameter, and µ denotes the number of multipath clusters and the inverse of the normalized variance. The product αµ considers the signal imposed by clusters of multipath waves propagating in the non-homogeneous environment. The α − µ fading channel comprises several other distributions such as Weibull, Rayleigh, Nakagami-m, one-sided Gaussian and exponential. The probability density function of the α − µ fading channel is [11] 
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The MGF of the α − µ fading channel, in terms of Meijerś G function, is [12] 
where ρ is the average SNR, and
The PDF of the TAS-STBC-ESM(F) system over the α −µ fading channel is derived as
where B(., .) is the Beta function, and s = N t − N s + 1.
The MGF of the TAS-STBC-ESM(F) system over the α−µ fading channel is derived as
Equations 3 and 4 are used in the performance analysis of the TAS-STBC-ESM(F) system.
III. TAS-STBC-ESM(F) RECEIVER
This section elaborates the detection schemes for a generalized N s × N r MIMO system. Additionally, the proposed system under optimal ML detection, Iter-BLAST, compressed sensing and Iter-LC-LORD is studied.
A. OPTIMAL ML DETECTION
This section formulates the ML decoder design for the TAS-STBC-ESM(F) scheme. The N s × N r MIMO system over a quasi-static α − µ fading channel is considered, and the received signal matrix is expressed as
where Y is the received signal matrix of size (2 × N r ), ρ is the average SNR, H is the channel matrix following an 
For a specific received symbol,
where
The ML decision metrics can be expressed aŝ
The STBC-ESM symbols are estimated from the above equations.
B. ITER -BLAST DETECTION
An Iter-BLAST detector is proposed that uses a divide and conquer strategy [17] , [18] . The decoder design is given in algorithm 1. With the information in the received signal, the signal space is divided into K = 6 layers, as shown in Figure 5 . 'κ' represents the layer label, and the constellation points in each layer constitute a subset, κ . Preprocessing: The channel matrix H undergoes QR decomposition as a preprocessing step, i.e., H = QR, where Q is the unitary matrix and R is the upper triangular matrix. The transformedỹ is given byỹ = Q H y.
Layer Processing: The Euclidean distance between received signal vectorỹ and the center of each layer c i is calculated as
Layer Selection: The layer with the minimum Euclidean distance is selected,
Symbol Estimation: The symbol estimatesx1 andx2 are determined by the minimum Euclidean distance between 
Algorithm 1 Iter-BLAST Detector
Input: H ∈ C N r ×N t , y ∈ C 2×N r Output: estimatesx1,x2
Initialization : κ ← κ + 1 goto LOOP2 12: if x(i) = x(i + 1) then 13: i ← i + 1 goto LOOP1 14: end ifx(i) = x(i + 1) RETURN 15: end for 16 : end for received signal vectorỹ and the constellation points of the selected layer κ.
The above procedure is repeated iteratively by changing the position of the layer until the Euclidean distance calculations of subsequent steps are the same.
C. COMPRESSED SENSING-BASED ESM DETECTOR
A compressed sensing-based ESM detector is given in algorithm 2. The receiver has knowledge of the received signal matrix Y , channel matrix H , number of active antennas N a (N a = 2 for TAS-STBC-ESM(F)) and S-Sparse value.
Algorithm 2 CS-Based ESM Detector
Input: H , y, S, N a Output: estimatesx1,x2 Initialization :
φ =Hỹ subject toỹ = φx 9:
b|ˆj =H † y 12:x j = max b j RETURN 13: end for Initialization: The S-sparse channel matrix with N a nonzero columns has to be estimated.
S-Sparse Matrix Formation:
The maximum value of z j is calculated, where
The N a columns of the channel matrix corresponding to the index of maximum z j is formed as the S-sparse matrix,
Sensing Matrix: The sensing matrix φ is formed such that y = φx with constraints shown in [9] . The matrix φ obeys the restricted isometry property and identifies the restricted isometric constant δ s that satisfies the condition
CS Recovery: The symbol x can be reconstructed by minimizing the functionx = arg miñ y=φx x 2 l 1 using the least square algorithm. The steps are iterated until S symbols are recovered. VOLUME 6, 2018
IV. PERFORMANCE ANALYSIS
This section details the error performance, outage probability, and capacity analysis of the TAS-STBC-ESM(F) 64 × 64 system over the α − µ fading channel. The signal points of modulation order 
A. AVERAGE BIT ERROR PROBABILITY
The upper bound on the average bit error probability is given by [16] 
where n i,j is the number of errors between χ i and χ j .
where λ i,j,1 and λ i,j,2 are the eigenvalues of (χ i −χ j )(χ i −χ j ) H and
Changing the variable of integration φ on the RHS of the above equation to x = sin 2 θ gives
Simplifying the above equation, we obtain
Using a table of integrals [15] gives
2q,k+q ω 1
Equation 15 provides the closed form expression for the average bit error probability of the system over the α − µ fading channel. The effect of α and µ variations for the proposed system are detailed in section V. Equation 15 can be studied for the Rayleigh channel when α = 2 and µ = 1, and its average bit error probability is then (1, 0), I (1, 0)  I (1, 0), I (1, −1) ,
Iter-BLAST Detection: The probability of a bit error in the layer selection is
The pairwise error probability is
P(a i → a j |H ) is given by I 1 in equation 12 by setting λ i,j,1 = λ a,i . Applying a change of variables x = sin 2 θ in the integral and using a table of integrals [15] , the closed form expression for the error probability in the layer selection is given by
. (20) Similarly, the bit error probability for symbol estimation in the selected layer is
where . The total error probability of Iter-BLAST depends on the probabilities P ai and P bκ .
where P ai is the probability of an error in the layer selection, P bκ is the error probability in symbol recovery of the selected layer κ, and a is the center of the i th layer, where i−1, . . . , K , b denotes symbol points in the selected κ th layer. λ i,a and λ κ,b are the eigenvalues of ||y − c i || 2 and ||y − κ || 2 , respectively.
B. OUTAGE PROBABILITY
The outage probability P out is defined as the probability that the end-to-end SNR ρ falls below the threshold SNR ρ th :
The best antennas are selected based on the largest channel norms. The pdf of the norm square of the envelope of the channel coefficient vectors ||h i,j || 2 is
The cdf of the norm square of the envelope of the channel coefficients is
According to order statistics [19] , the pdf of the received SNR of the TAS-STBC-ESM(F) is given by
where B(., .) is the Beta function, s = N t − N s + 1, and
The pdf of the received SNR is
Using the binomial expansion, we obtain
Equation (28) is reduced to
VOLUME 6, 2018
The outage probability P out can be given by
Using a table of integrals [15] , we obtain
. . .
The simplified form of equation 31 is
Equation 32 is the closed form expression for the outage probability for the TAS-STBC-SM(F) system over the α − µ fading channel. The outage probability for a Rayleigh fading channel with α = 2 and µ = 1 is
C. CAPACITY ANALYSIS
The important performance metric in the design of wireless communications is the ergodic capacity since it gives the amount of information transferred in the system. The ergodic capacity < C > is defined as [20] < C >= E log 2 (1 + ρ) .
For the TAS-STBC-ESM(F) system over the α − µ fading channel, the capacity is
The exponential, Gamma and natural log terms are replaced by their respective Meijer G functions,
Equation 36 provides the closed form expression for the ergodic capacity of the TAS-STBC-ESM(F) system over a generalized α − µ fading channel.
V. RESULTS AND DISCUSSION
In this section, the TAS-STBC-ESM(F) system with N t = 70, N s = 64, N a = 2, N r = 64, and new constellation design II for M = 1024 − QAM is studied over a generalized α − µ fading channel. The analytical curves are plotted using equations 15, 32 and 36. Although the fading channel is dynamic, it is considered to be constant over the STBC symbol period. The analytical expressions are validated by 10 6 Monte-Carlo simulations for 20 bpcu.
The significance of antenna selection and codebook formation in the ESM system can be seen from Figure 6 . The average bit error probability of TAS-STBC-ESM(F) for 20 bpcu is compared with the ESM-Type3 of [2] and STBC-ESM. The capacity-optimized TAS adopts the N s best antennas out of the N t transmit antennas based on channel norms such that it increases the capacity. STBC provides the diversity gain and introduction of flexible coefficients in the codebooks and maximizes the minimum CGD, resulting in the improved error performance of the TAS-STBC-ESM(F) system. It outperforms the STBC-ESM by 3 dB SNR and the EMS Type-3 by 5.5 dB [2] . Figure 7 shows the effect of the product αµ on the system. An increase in α increases the non-linearity of the fading scenario. The clusters of multipath waves are expected to have scattered waves with identical powers, and the resultant envelope sum of multipath components introduces nonlinearity into the power parameter α. The value of µ denotes the number of multipath clusters, and it is the inverse of the normalized variance. The statistics of the multiple signals from the same cluster remains the same. However, the multiple signals from different clusters give different signal statistics, which results in an error rate increase. In Figure 7 , the performance of the system for αµ ≥ 1 [Weibull: α = 3, µ = 1; Rayleigh: α = 2, µ = 1; and Nakagami-m (m=2): α = µ = 2], αµ = 1 [one-sided Gaussian: α = 2, µ = 1/2] and αµ ≤ 1 [negative exponential: α = 1/2, µ = 1] distributions are compared. For µ = 1, for an increase in the value of α from 2 to 3, i.e., Rayleigh vs Weibull distribution, the error performance of Weibull is 33.3% degraded in comparison with Rayleigh. Similarly, when α = 2 and we increase µ from 1 to 2 [Nakagami-m vs Rayleigh], a 59% error performance reduction is noted for each unit increase in µ. These analyses show that α variation has a larger impact on the error performance of the system than variation in µ. Figure 8 shows the outage probability for the ESMType3 in [2] , STBC-ESM, and TAS-STBC-ESM(F) for 20 bpcu. For a fixed SNR value of 10 dB, the probability of the TAS-STBC-ESM(F) system being in outage is reduced by up to 99.6% compared with ESM-Type3 [2] .
The average bit error probabilities of the ML detector, Iter-BLAST detector, and compressed sensing-based ESM detector for TAS-STBC-ESM(F) are compared in Figure 9 . In the low SNR regime, the error performance of the detection schemes is worse compared to ML. In the high SNR regime, their performance is closer to that of ML. However, the complexity of each detection scheme varies and needs to be considered for real time implementation. Iter-BLAST, Iter-LC-LORD, and CS-based detectors achieve near-ML performance with reduced complexity. The complexity analysis results in terms of the Euclidean distance calculation and number of floating point operations are tabulated in table 2. For the 20 bpcu, 64 × 64 MIMO system, the floating point operations of the CS-based ESM detection and the Iter-LC-LORD algorithm are 13.9 times and 17.6 times those of Iter-BLAST, respectively.
The ergodic channel capacity performance versus the average SNR is presented in Figure 10 for different values of the fading parameters α and µ (αµ < 1, αµ = 1, and αµ > 1). The capacity of the channel is a significant metric in wireless communications since it reveals the amount of correctly received bits. Noticeably, as the value of the fading parameter increases, the system performance improves, and the amount of increment becomes slightly smaller as the fading parameter increases, as expected.
For a fixed SNR=10 dB, 20 bpcu, and N r = 64, the ABEP of the TAS-STBC-ESM with different numbers of selected transmit antennas N s is plotted in Figure 11 . An increase in the number of selected transmit antennas increases the size of the subsets Li and the number of codewords. Hence, the number of information bits assigned for codeword indexes increases, which results in reduced minimum coding gain distance (δ min ) and error probability. An error reduction of 43% is achieved with 2N s , with a difference in δ min of 0.48. For 4N s , an error reduction of 80% and a difference in δ min of 0.99 are obtained. For 8N s and 16N s , error reductions of 92% and 97% with differences in δ min of 2.75 and 4.28, respectively, are achieved. As δ min decreases with the increase in N s , the rate of error reduction is decreased. Capacityoptimized antenna selection (COAS) outperforms Euclidean distance-based antenna selection (EDAS) by 0.7 dB for 8N s . The number of Euclidean distance calculations increases with the number of selected transmit antennas; hence, for higher numbers of antennas, EDAS provides a high error rate.
VI. CONCLUSION
In this paper, we propose an index-modulated ESM with flexible coefficients and multiple constellation concepts combined with a transmit antenna selection scheme COAS named TAS-STBC-ESM(F). A new multiple constellation system is designed for 1024 QAM. The MGF of the TAS-STBC-ESM(F) system over a generalized α-µ fading channel is derived, from which closed-form expressions for the average bit error probability, outage probability and ergodic capacity are derived. Several detection schemes, ML, Iter-BLAST, compressed sensing, and Iter-LC-LORD, for ESM systems are proposed, and their error performance and complexity are analyzed. Simulations are carried out to substantiate the analytical results. The system performance is improved at the cost of an increase in the number of selected transmit antennas.
